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Disclaimer and thanks

A Will not talk about:
A GW (well, not exactlyé )
A Cosmology (see RSN1)
A Had to be / tried to be synthetic (butd i dsudtded)
A Tried to be comprehensive but could have overlooked
something (in case, please raise your hand!)

For the material, thanks to:

F. Santoli, D.M. Lucchesi, M. Negusini, M. Crosta, A. Possenti, M. Burgay, E. Liuzzo,
T. Belloni, A. Bazzano, P. Ubertini, A. De Rosa, M. Feroci, L. Piro, A. Stamerra
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Summary of presented activities
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Found (much) more than expected !
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Gravitation @IAPS

A common history of experienceand expertise

Q Origins, 70s
The Experimental Gravitation Group starts its activity in the Laboratorio Plasma Spazio (LPS) of CNR, under the leadership
of Guido Pizzella and Edoardo Amaldi .

O Resonant antenna

At Frascati is installed a cryogenic resonant bar antenna (300 kg) for the detection of gravitational waves. The
mechanical signal of the antenna is read out by an electromechanical transductor initially piezoelectric and subsequently
capacitive, amplified by low -noise devices and analyzed with algorithms for the extraction of weak signals inside
noise .

QO 80s

HeadleyWr anco kRunNagelrafooldlt &ar tdse vieHeo p fneaachc el er bosepgaeas,dbased t he
experigandte medeeaerf ogrir avi tvaav.esn al

O 2000s

At the beginning of 2000s, after the pioneering work of Ignazio Ciufolini , David Lucchesi carries in the Group the activity
of General Relativity measurements with laser-ranges geodynamics satellites .

O 2003

The Group developed, with industry collaboration, the ISA accelerometer for ESA BepiColombo mission and directly
manages its operations since launch in 2018.

2008

. From the Group stem a spin-off: AGI Assist in Gravitation and Instrumentation .
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Accelerometersdevelopment

Protb&ApiI ISAFM

Conceived and built by Bandwidth 3*105i 101 Hz

the Group @ CNR-IFSI

Accuracy 108 m/s?
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AGES DM

Bandwidth 3*10>7 103 Hz
Accuracy 1010 m/s?

?

2024

New
concept

G4S
?
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ltalian Spring Accelerometeri BepiColombo

ISA - Italian Spring Accelerometer , is the ’
high sensitivity accelerometer on board the

Mercury Planetary Orbiter (MPO) of ESA

In the context of Radio Science experiments, ISA will contribute to the study of
Mercury gravitational field and rotation state, and to test General Relativity (PPN
parameters ) with never achieved before (especially for[ parameter).

ISA is the first high-sensitivity accelerometer to have done measurements on board @r"’” -

an interplanetary spacecratft. A

It performance is at the level of the best accelerometers for space use.
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Italilan Spring Accelerometerl Bep|CoIombo
Earth flyby .

1. Solar radiation pressure  FAPERFEIE |
measurement

2. Observation of the appendices oscillations and of ’Jj
the attitude control system compensations RWs dommandetbrque +X
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Italian Spring Accelerometeri BepiColombo

Mercury flyby #1
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Italilan Spring Accelerometeri BepiColombo
Mercury flyby #2

= X = X

SCIENCE & EXPLORATION SCIENCE & EXPLORATION

How a spacecraft
‘feels’ a planetary

flyby

Feeling a close
Mercury flyby

DETAILS RELATED
DETAILS RELATED

This section of BepiColombo Monitoring Camera imagery is set
How a spacecraft feels’ a planetary flyby

to an audio soundtrack that corresponds to the accelerations

experienced by the spacecraft following the closest approach Caption: A spectrogram visualising the effects of the 1-2

October 2021 Mercury flyby on the ESA/JAXA BepiColombo
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https://www.esa.int/ESA_Multimedia/Videos/2021/10/Feeling_a_close_Mercury_flyby
https://www.esa.int/ESA_Multimedia/Videos/2021/10/How_a_spacecraft_feels_a_planetary_flyby

LARASE + SaToR-G | 3
Satellite Tests of Relativistic Gravity (SaToR-G) is a fundamental physics experiment 6
SafoR=6-

funded by the National Scientific Committee 2 (CSN2) of the Italian National
Institute for Nuclear Physics (INFN)

The experiment aims at testing gravitation beyond the predictions of Ei n s t &heoryd &f General
Relativity (GR) in its weak-field and slow -motion (WFSM) limit, searching for effects foreseen by
alternative theories of gravitation (ATG) and possibly connectedwitho 6 nghwy si cs 66

SaToR-G builds on the improved dynamical model of the two LAGEOS and LARES satellites
achieved within the previous project LARASE (LAser RAnged Satellites Experiment) , still funded

by CSN2-INFN
[ LARACSE - 37075
LASERRANGEDSATELLITESEXPERIMENT
2013 2 0 12020 2024

The improvements concern the modelling of both gravitational and non -gravitational perturbations
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LARASE + SaToR-G )

Modelling the satellite dynamics

An important aspect of our activities lies in continuously improving the dynamic model of the orbits of satellites,
in particular the models related to:

1. Non-Gravitational perturbations
2. Gravitational perturbations

Thiaxct iovid e we | o pipeenrit urrhoadaeiveear t ifcomlogr avi tfad i aweosnls t iotnwetftedmaj or
res wliLtAsSRA SkEe y otnhdei gnime zamtembnas medfki effdindamemysadaodtcodonst at u
sal iaenmtitwiathyar actt dheu s Sanfite@Re x per i ment

The LARASE results:

Reconstruction of the internal structure of the two LAGEQOS satellites and of LARES: mass and moments of inertia
Spin model for the three satellites: general and averaged

Thermal model of the three satellites: general and averaged

Neutral drag model for LARES

Wb

M. Visco, D. Lucchesi , Review and critical analysis of mass and moments of inertia of the LAGEOS and LAGEOS Il satellites for the
LARASE program. Adv. in Space Res. 57, 044034 doi:10.1016/j.asr.2016.02.006, 2016
M. Visco, D. Lucchesi , Comprehensive model for the spin evolution of the LAGEOS and LARES satellites. Phys. Rev. D 98, 044034

doi:10.1103/PhysRevD.98.044034, 2018
Pardini , C.; Anselmo, L.; Lucchesi, D.M.; Peron, R. On the secular decay of the LARES semi-major axis. Acta Astronautica 2017,

140, 4691 477. doi:10.1016/j.actaastro.2017.09.012
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LARASE + SaToR-G
Modelling

I
1
) 355.5

2325

the satellite dynamics

Table 1
Materials used for the construction of the two LAGEOS satellites (Cogo, 1988) and their nominal densities.

Satellite Material density p, (kg/m’)
Hemispheres Core Stud

LAGEOS AA6061 QQ-B-626 COMP.11 Cu-Be
2700° 8440° 8230°

LAGEOS I AlMgSiCu UNI 6170 PCuZn39Pb2 UNI 5706 Cu-Be QQ-C-172
2740° 8280° 8250°

* ASM International Handbook Committee (1990).
® Bauccio (1993).
© It is the value calculated in Cogo (1988) starting from the measured averaged composition.

Table 1. Principal moments of inertia of LAGEOS, LAGEOS II and LARES in their flight arrangement.

Moments of Inertia (kg m?)

Satellite
L. L. I,
LAGEOS 11.424+0.03 1096 +0.03 10.96+0.03
LAGEOSIT 11.454+0.03 11.004+0.03 11.00+ 0.03
LARES 477 £0.03 477 £0.03 477 £0.03

LArase Satellites Spin mOdel Solutions (LASSOS)
LArase Thermal mOdel Solutions (LATOS)

Semi-major axis (m/d)
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LARASE + SaToR-G

Main scienceresults
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From the first measurement the following constraints were derived:
1. On the combination of the PPN parameters b and gof General Relativity

2. Ontheintensity a of a Yukawa -like potential on a scale | of about 1 Earth radius
3. On non-symmetric theories of gravitation
4

On torsional theories of gravitation
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LARASE + SaToR-G

Main scienceresults i Constraints
o gt v 8 8 ¢ 8 ¢

TABLE XVIIL.  Summary of the results obtained in the present work; together with the measurement error budget, the constraints on
fundamental physics are listed and compared with the literature.

Parameter Values and uncertainties (this study) Uncertainties (literature) Remarks
€y — 1 —1.2x107#4+2.10x 1073 £2.54 x 1072 e Error budget of the perigee precession
measurement in the field of the Earth
PPN - B2Al_y -12x107%£2.10x107° £2.54%x 107> £(1.0x 107%) £(2x 107?)*  Constraint on the combination
of PPN parameters
Yukawa - al <[0.5+8.0+101| x 10712 +1 x 10-8° Constraint on a possible (Yukawa-like)
NLRI
ATGs - Coraceosm < (0.003 km)* = (0.036 km)* 4 (0.092km)*  +(0.16 km)*; £(0.087 km)** Constraint on a possible NSGT
2t + 3] <35x107* £ 62 x 1073 £7.49 x 1072 3 x 1073¢ Constraint on torsion

“From the preliminary estimate of the systematic errors of [166] for the perihelion precession of Mercury.
®From [167] with Lunar-LAGEOS GM measurements.

‘From [5] and based on a partial estimate for the systematic errors.
From [7] and based on the analysis of the systematic errors only.
“From [168] with no estimate for the systematic errors.

D.M. Lucchesi, R. Peron, Accurate measurement in the Field of the Earth of he General-Relativistic Precession of the LAGEQOS I
Pericenter and New Constraints on Non-Newtonian Gravity, Phys. Rev. Lett. 105, 231103, 2010

D.M. Lucchesi, R. Peron, LAGEOS Il pericenter general relativistic precession (1993-2005): Error budget and constraints in
gravitational physics. Phys. Rev. D 89, 082002, 2014
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LARASE + SaToR-G

Main scienceresults i Yukawa-like long-range force

= Mass of the primary source;

, = Mass of the secondary source;

= Newtonian gravitational constant;

= Distance;

o = Strength of the interaction; K,,K, = Coupling strengths;

A = Range of the interaction; 1 = Mass of the light-boson;

h = Planck constant; ¢ = Speed of light

D.M. Lucchesi,

Strength

ble (8 )¢ ¢
Composition independent experiments
'Q/, 1981
] T Geophysical
Laboratory / 1998
Earth-LAGEOS
LAGEOS-Lunar 3
2003
Lunar precession
LLR \
Planetary RR
LAGEOS Il precession 2014
| 2014
10° 10° 10'° 10'8
Range A [m]

Pericenter and New Constraints on Non-Newtonian Gravity, Phys. Rev. Lett. 105, 231103, 2010

D.M. Lucchesi,
gravitational physics. Phys. Rev. D 89, 082002, 2014

Previous limits with
L AGE O Srons GM
measurements:

la|<10°-10°

-
>(D
o

R. Peron, Accurate measurement in the Field of the Earth of he General-Relativistic Precession of the LAGEQOS I

R. Peron, LAGEOS Il pericenter general relativistic precession (1993-2005): Error budget and constraints in

ISTITUTO DI ASTROFISICA
E PLANETOLOGIA SPAZIALI

IAPS




G4S 2.0

The Galileofor Science((4S 2.0) project, funded by AS| aimsto perform a set of measurementsn the
field of Gravitation with the two GalileoFOCsatelliteson eccentric orbits and taking advantageof the
accuracyof their on-boardatomic clocks

Thehighlevel goalsof the project are:

1. A newmeasuremenbf the GravitationalRedshift

2. Ameasuremenbf the GeneralRelativity precessionn
the orbits of the satellites

3. Constraintoon Dark Matter

4. Realisea pureRelativisticPositioning System

5. Detectionof GravitationalWaveswith the Galileo-system

Otherfundamentalgoalsof the project are:

1. Todevelopnew and more accurate models for tiNon-GravitationalPerturbations
2. Todevelopa newaccelerometerconceptfor anextgeneration of Galilesatellites
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G4S 2.0
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Liquid Actuated Gravity (LAG)

A R&D funded by INFN aimed at developing a new actuation
technique for laboratory tests of 1/r? gravitation force, with
possible constraints on Yukawa-type interactions on cm
and sub-cm scale

A The basic idea is using as gravitational field source a
container in which the liquid level can be changed in a
controlled and repeatable way in order to modulate the force
on a test mass, suspended from a torsion pendulum; with the
proposed technique it is possible to modulate the
gravitational force  without moving parts in the
surroundings of the apparatus

A The experimental apparatus uses two cylindrical containers in
which the water level is modulated (field source) and an
aluminium cube suspended from a double LISA-like torsion
pendulum (test mass)
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METRI C mi ssi on conce

Core on-board instrumentation (baseline) Body-mounted solar arrays
3-axis accelerometer for NGP measurement and laser retroreflectors
Corner cube laser retroreflectors for SLR

GNSS receiver

Vacuum pressure ion-gauge o
7

trategy
Polar eccentric orbit (preliminary: 400/450 km x 1200 km)
Tracking with at least two space geodetic techniques
Virtual drag-free spacecraft through acceleration data v
Modulation of acceleration signal via slow spin
Separation of atmospheric drag and solar radiation pressure is achieved by means of
acceleration measurement near apogee

IR + albedo radiation (ERP)

D) D> D>

International context

Upper atmosphere Strong need for reliable upper atmosphere density models
(satellite lifetime, collision avoidance maneuvers)

Fundamental physics Testing the law of gravitation (general relativity vs alternative
theories)

Geodesy / ITRF Requirement of a more accurate terrestrial reference frame from a
host of disciplines (astronomy, navigation, Earth System sciences) i Complementary
and synergistic with the ESA GENESIS programme

>\

A
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Geodetic VLBI
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Two VLBI networks in operation:
I Legacy S/X (since approximately 1980) /0 ,,

Larger, generally slower antennas with analog electronics ~ —~ 7 v clock?
i The newer VLBI Global Observing System (VGOS)(since 2015) I'E?gaéi'aeiiﬁé’ﬁ?;i%:s e

Generally smaller, faster antennas with modern digital signal atomic clocks. \/\/\,\, > TES B = (comoition

processing (clock 1 |Eplateecnn) | T d\mﬁ/\m processing).

The distance (baseline) E———
. L. . . . . petween the raqiio telescopes J, The joint processing of

Monia Negusinj ClaudioBortolotti, Marcello Giroletti, s calculated using the time delaysand

network of radio
telescopes allows the
determination of precise
positions of the radio
telescopes and the
orientation of Earth in
space.

Giuseppe Maccaferrkederico PerinijuriRoda Mauro
Roma PierguidoSarti, Carléstanghellini Matteo Stagni,
GiampaolaZacchiroli

RobertoRicc] RobertoAmbrosini, Vincenza Tornatore
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Geodetic VLBI

Ny Alesund i’ 4
1 Gitmore Creek
g s Yellowknite
&
). &a-"
Asgonquin’ .
i’um Tsuk FNAGY
%X C™
ik meir\o CWhact
F‘ okne Park * Shanghal” Kashima 11
M % ik v
xmmek
giantebocathosk Y mﬁ- :
Wl
f Network station % %i %
¥ Former Network Station ;
@ Operation Center .
@ correlator
(] Data Conter
(> Analysis Contor
W Technology Development Center
\j}c«oovdlnwng Center hw.

VLBI Global Observing System
(VGOS) IVS network

Legacy S/X International VLBI Service
for Geodesy and Astrometry (IVS) network

A
Ny-Alesund

Onsala “NF etloe
A e}’sahuvi AB adary
Wettzellh Urumgi

AWr:slfurd

Flores
A A‘ A ) . Zelenchukskaya Ishioka
GGAC Santa Maria Yebes  Matera A A
MecDonald Gran Canaria KunpurA Sheshan Kokee,
Chiang Mai
Songkhla
AFortaleza
‘Kulhcrmc
A Yarragad
AGGO Hartebeesthoek Tags ee‘
A
A
Hobart

A OperationalA antenna built, signal chain in work needdd inrgiestage

IAPS

ISTITUTO DI ASTROFISICA
E PLANETOLOGIA SPAZIALI




VLBI and metrology N
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VLBI and metrology

Itallan Quantum Backbone

Italian link extension |
1800 km divided into 4 spans i

At each terminal:
Medicina

Radiotelescope | = Regeneration laser

= Fiber noise
compensation

Ultrastable laser
available
29 O

0 Space Geodesy
Centre

| Institute o
_Optcs
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VLBI and metrology

Optical clock comparison via broadband VLBI

[

2.4m antenna | . 34m Diameter
(MBL1) | (Kashima34)
INAF/Medicina NICT/Kashima

2.4m antenna |

(MBL2)
T | : NICT/Koganei
. I 1
L : [ 2% OF
Yb-Clock | N4 o | % o
BN o o - £ |
T i A
[: s /X E A, |, o S
PRUYE S S S I3 \ ) — AN o ] 7
e b I B G I r-Clock
,' | Stat \ 4
| Bl : i . .
0 e BOE 140 140

IAPS ISTITUTO DI ASTROFISICA
E PLANETOLOGIA SPAZIALI




Relativistic astrometry
LOCAL COSMOLOGY

The Galaxy as product of fundamental physics, from Solar System to its outskirts (RSNZ2)

RELATIVISTIC ASTROMETRY theoretical, analytical and / or numerical models, completely based on General
Relativity (GR) + relativistic _attitude (satellite or ground based observers) for data analysis and processing of
increasingly accurate astronomical data

Gaia Milky Way Rotation __

GRAVITATIONAL ASTRONOMY consistent _application of GR from the scales of the Solar System to those of the e ki
Milky Way [i.e. gravitational metrology for astrophysics and cosmology]

- relativistic effects on photon trajectories also due to BHs; measurement of light deflection due to planets (GAREQ
experiment), tests on PPN gamma and beta parameters

- GR (kinematics & dynamics) models for the Milky Way, tests on GR theory and alternative gravity theories, role
and nature of dark matter and dark energy

- spacetime navigation, nature of time

classical with dark matter

ASTROMETRIC GRAVITATIONAL WAVE ANTENNA astrometric identification of gravitational waves and instantaneous
measurement of their direction within sub-arcs based on the advancement of relativistic models already successfully used for
the analysis of Gaia mission data; synergies also with Pulsar Timing Array

Synergies with al/l RSNs in | NAF, University I NRIM and |

Details in schede&audizioni :

GraviMetrA (Gravitational Metrology & Astronomy), BLUE_Gang, Pl Mariateresa Crosta
GaiaUniverse , Pl Mario G. Lattanzi

ASTRA, Pl Mario Gai

Multidisciplinary skills (theoretical and technological) developed over 30 years in the context of the Hipparcos and Gaia missions by INAF staff in
which they play a leading role in defining the scientific and technological aspects with the fundamental support of ASI. In particular:

INAF U.Abbas, S.Bertone, B. Bucciarelli, R. Buzzi, D. Busonero, V.Cesare, M.Crosta, M.Gai, M. G.Lattanzi, R. Morbidelli, P. Re Fiorentin, A. Riva, A. Spagna, A. Vecchiato, M. Sarasso
Dottorandi_ W.Beordo (UNITo), F. Santucci (UNITo)
Collaboratori _associati V. Akhmenatov (Kharazin University), A. Butkevich (Pulkovo Observatory), L.Shilong , Qi Zhaoxiang (CAS@SHAO), A. Tartaglia
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Relativistic astrometry i
Map of the Galaxy

Research field inaugurated with the advent of Gaia
to guarantee its scientific products: essential for
future missions operating in space and for the
definition of celestial reference systems fully
compliant with GR

2023 Lancelot M. Berkeley - New York Community
Trust Prize for Meritorious Work in Astronomy for the
Gaia collaboration

More than 250 publications per month, about 20%
with INAF leadership or strong contribution

A M.Crostaet al . @AGeneral relativistic observable for gravitati onD9 2Bt r omet r
A A. Vecchiato et. al, The global sphere reconstruction (GSR). Demonstrating an independent implementation of the astrometric core solution for Gaia, A&A 2018

A McCrosta. iAstrometry in the 21st cent urBivistaBet Nuovo Cimeptp 42 (2019)warsd refecencesithersit e i no. | n:
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Relativistic astrometry i
Gravitational astronomy @Solar System scale

Relativistic astrometry implies a full general-relativistic analysis of

the light trajectory, from the observer to the star, including any
type of celestial objects

Differential astrometry

GAREQ (GAia Relativistic Experiment on Quadrupole,
) l ight deflection by Jupiteros
Global astrometry e O

Crosta and Mignard (Class.Quant.Grav.23:4853-4871,2006)

neter (b/R,,)

1068 Stal’S, 1 years of data Posizione

apparente %_ >#Gai a spin axgtsi mind esda
(i.e. ~ 1 billion star close to thelffoirmm
observations) b Y precise |ight deflecti
estimated error for the g _g i
~10% with Gaia > : —

‘ First observation of light deflection due to Jupiter
b [Rjup]
SOLE -5 0 5 10 15 20
17597 ' ' -~ Jupiter mono+quad (From Abbas, Bucciarelli, Lattanzi,
(©Vecchiato, et al. 2003, A&A) 15.0 4 ] AL predicted

Osservatore !

Crosta, Busonero et al. , 2021,

e AL observed
1

Differential Astrometric analysis of
12,51 ! the GAREQ experiment: Detection
PPN-gamma parameter as a by -product of the sphere reconstruction and 2 100l \ of the strongest Jupiter deflection
: ; : : E ‘ signal with Gaia, A&A , 2022
screening for alternative theories of gravity z | 9 ’ ' '
S 7.54 \ 10.1051/0004-6361/202243972)
This started in 2003 with the first end-to-end simulation of a Gaia-like mission aimed to § 5.0
estimate the potential accuracy of such kind of a mission (Vecchiato et al., A&A, 620, Je ’
2003) and is continuing today with a series of papers that are investigating in detail the '
correlation between this parameter and the parallaxes in a Gaia-like mission (Butkevich 0.0
et al., A&A, 603, 2022, Butkevich et al., in preparation)
4 8I5 2 4815 4 48I5 6 48]5 8 48I6 0 4SIG2
Time [rev]
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Relativistic astrometry
Gravitational astronomy @Milky Way scale

GR and Classical MILKY WAY ROTATIONAL (Eer-Wwar-wi

Details OntestingCDMandgeometrydrivenMilky Wayrotation curvemodelswith GaiaDR2
CrostaM., GiammariaM., LattanziM. G., PoggicE, MNRASYolume496, Issue2, August2020

FAG (e

The baryonic density profile via Einstein field eq.

2 T T

Red: GR Velocity profile | = —
. . . .. . i -- MWC: b + DM
Blu: Classical Velocity profile comprising a bulge, disk and halo = ! | I S
400 8 o
— V56 —-= Thick disk ©
3501 — v hap The two models appear =
------ bulge ¥ data qQ 1
3001 --= thin disk ‘g’u N
950l almost identically — =2 -
‘_|| ‘I-‘._ 1
:E:ZOO’ 7 . . 0.0 25 50 7.5 100 125 150 17.5 20.0
e ‘ consistent with the data R [kpc]
1004 Dragging effect vs. halo effect
‘ 300
— e — v
007, .
Ly 250
%' 200

Thisfavourablypoints to the fact that a gravitational draggifige effect

(i.e.geometry) could sustain a flat rotation curve

2YTFANNI G2y 6A0K 5w ) VoS5 =
2. S2NR23 ad/ Neadlz abD [FOGdGFYyTAYS t o wS CA2NBYyGAYyS @& { LI Iyl Irey adzZYAaarzyo
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Relativistic astrometry o

ASTRO GRA W ANT

A AstroGraWAnNt is based on close pairs of point-like sources as natural antenna "arms" to record the very tiny variations in their
angular separations induced by passing gravitational waves (GWSs): all-differential formulation of the astrometric observable

A The GW observability is AMPLIFIED through a factor depending on the angle between the unperturbed directions to star-like
objects that acts as a " "signal amplifier" for the GW detection, limited only by the resolving power of the optics

M.Crosta, Rivista del Nuovo Cimento 42, 10 (2019)

M.Crosta, M.G. Lattanzi, C. Leponcin-Lafitte, M. Gai, Q.
Zhaoxiang, A.Vecchiato,

On the principle of Astrometric Gravitational Wave
Antenna, 2022 submitted,
https://arxiv.org/pdf/2203.12760.pdf

F. Santucci, M. Crosta, M. G. Lattanzi, Angular
sensitivity of Astrometric Gravitational Wave Antenna, in
submission

Differential formulation along

3directions:] [ @ "Q A
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Fundamental physics with Pulsars
Cagliari Pulsar Group i Constraining GR

The Double Pulsar J0737 -3039A/B [Burgay et al. 2003, Lyne et al 2004] Effects of retardation and aberrational
remains the best laboratory for precision measurements light -bending have been observed for the
first time in this system and have
Spin period ( ms) = 22.69937898647277 + 0.00000000000008 (measured to 80 atto -seconds ) allowed us to determine the spin
Orbital period (d) = 0.102251562473 + 0.000000000001 (i.e. 2.45h measured to 86 nano-seconds ) direction of the pulsar.

Seven (1) post keplerian parameters have
been measured. The measurement

N Qanfthz I(\;J(ft?ec:)ettrei;: L 1 precision is so high that for the first time
“ - : system in constrzining S A e we had to take higher -order
- the RADIATIVE eyt | contributions into account for some of
| i - i E
'S .1 predictions of GR N e them.
S [Kramer et al. 2021] EC 3 o .
3 = o { . e.g the contribution of the A pul sar C
o gtk e . 18 effective mass loss (due to spin-down) to
© = ) o . % the observed orbital period decay, a
107 == S e { O .. . )
_ S — B e relativistic deformation of the orbit, and
Moreover the fractional 1 15 the effects of the equation of state of
) ativi tgrror for a'l the A € super-dense matter had to be included .
relativistic parameters | @ Treeeeeeio 1% [Kramer et al. 2021
s will keep improving with ] O T S [ ' ]
ma (M) . 5 10 15 20 25
time Years since 2008
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FundamemtiyawictBlul sar s i
Cagl 1 ari PuCosrmmgt rGalotuppngati ve t heor

Tensor -scalar theories predicts the emission ofa large amount of DIPOLAR scalar waves (as
opposed to the dominant QUADRUPOLAR radiation predicted by GR) in binaries with a high
asymmetry in the the degree of compactness U(i.e. in the self-gravity ) of the two bodies

|E grav GM NS E gra GM WD
N = E, |~ PRy = O° o =‘ Eresd  CRup

=10*

rest

In fact, NS+WD binaries (like J1738+0333 and J0348+0432) for which one can measure or
constrain the orbital decay and the masses are the best available systems for constraining
t he coupl i ngintwsorsstatantiieories [Esposito -Farese 2005; Freire et al 2012]

Expected upper
bound from
GAIA

£,, —=metric

Branse-Dicke -
Cassini

1
dg)=agp+ Eﬁorpz

‘,37 scalar field

Ig|ay|

a(q.?] coupling field-matter

. 3, coupling parameters

Upper bound from .
discoveryofa "
MSP+BH binary =" -

[ Shao et al. 2015]
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Fundamental physics with Pulsars
Cagliari Pulsar Group i Constraining principles and constants

: PSR J0337+1715 Inner Qrbi The Strong equivalence principle (SEP) can be tested by precisely

Outer Orbit Triple System Porv=1.6days : : . . : _
Porb=327days Mes = 1.44Msun measuring the orbital motion of the inner NS+WD binary in the strong
Mwp = 0.41Ms;n T OO gravitational field of the outer orbiting WD in the triple system

Lo P JO337+1715
% \hite Dwarf
X .
Mogrlied Few tens of such systems are expected to be in the Galaxy and
: Okt trclingtios discovered in the future with SKA and SEP tested with exquisite
472 Iisec precision

“Cool, old”

White Dwarf A\

[ © Hessels 2014 ]

Figure credit: Jason Hessels

Einstein equivalence principle (EEP), namely the local Lorentz invariance (LLI) of gravity and the local position
invariance (LPI) of gravity, are nowadays best constrained with pulsar timing experiments . These constraints will
Improve a factor 10-50 with next generations SKA experiments

Theonstrantntmear i aotfi logr avi t actoinen@lh Fr eeital 01,2 r oob s er v a(t b coVhlsB |

[ Deldt@ad20Q0&nd i mi[Wgr bieectal120Q)8 ft heul sdd&3471H5ndl1l73@B333aralready
compartabdlhkeesstonst rfarigith®ol aystexper i mavin2iB1.Lul sdeerr i viemwt simpr ov e
signi f iamgrutl Idyersarseensiatligvast r efnigelfd eocnGdWe 2 01 4
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Fundamental physics with Pulsars
Cagliari Pulsar Group i Perspectives

Finding and timing a PSR -BH binary
(and maybe a PSR -MSP binary in a Globular Cluster [Clausen et al. 2014] )

C

FromM &S y=— G < Festlof Cosmic Censorship Conjecture [Penrose 1969 ]

S
G M?
Finding and timing a PSR closely orbiting Sgr A*

c* Q

FromM&Q g= Ve g =-%" Test of No Hair theorem

Th&o®f nucl ear matter suwreiveeuwelly NdSe toebrsmeirrvea b |l e s :

M-R relation, moment of inertia Ppicaonadl i ng r at

I,
maxi mum Maggdove which NSs coll apse to bl ack
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Fundamental physics with Pulsars
Cagliari Pulsar Group i Pulsar Timing Array

Note the complementarity

and the future GW observatories, like

1 Expected sources:
- super -massive
BH binaries in early
Galaxy evolution
- cosmic strings
- cosmological sources
1 Types of signals:
- stochastic (multiple)
- periodic (single)
- burst (single)

characteristic amplitude

in explored frequencies with respect to the current

advLIGO, advWIRGO and eLISA

10-® 10-8 10-7 10-¢ 10-5
10-13 =

- The gravitational wave
10 14 MBHP g
... resolved landscape
~.stationary
e
unresolve
background
o
10-16 . ey 10-16
N\ % MBHB
individual —16
10-17 N\ inspirals 10
0\ ) 10-17
f"\\\:
10-18 PN 10-18
%, Adv. LIGO
10-1®
10-1° o
. RN 10-20
O\‘. N O\.
% ‘e . 10—2]

— — .- inflation

1022

— — .Gu=10-1, a=0.1, 10-23

n.=1, p=0.1 (k=0.8)

10-510-410-310-20.1 1 10 102 10° 10*

observed frequency [Hz]

[Janssen et al 15]
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Event Horizon Telescope(EHT)

0 Largest global VLBI network observing @1 mm
0 Big international collaboration (> 300 members)
6 INAF is an affiliated institute
60 MS87* and Sgr A* at event horizon scales.
3 Direct imaging of BH shadows
3 Study of accretion processes around SMBH
6 AGN jets at ten of microarcsec scales:
3 Understand the jet origin and collimation
0 Testing General Relativity
6 Multiwavelength view of EHT targets

https://eventhorizontelescope.org/science
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https://eventhorizontelescope.org/science

Event Hoell gsatoHle)

Striking consistency with M87*

Sgr A Ma/

Bright ring and central

ﬁ depression agree with General '

Relativity predictions for wide
range of BH mass

10°® Msun 107 Msun 108 Msun 10° Msun

First direct proof of the existence of a supermassive black hole in
the center of our Galaxy and in M87 (EHTC+ 2019a, 2022a)
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Event Horizon Telescope(EHT)

1.00¢ . . . . .
: ] GR confirmed over a range of
0.75F 1 mass scale
0.50F ;
= : 1 Kerr black hole nature
o [ ] : ) .
< 0.25f 1 confirmed by ring properties,
g ook . 1 presence of event horizon and
ER 1 exclusion of alternative objects
S '_ - '
£ —0.25¢ 1 through model comparisons
3 _ ]
i3 [ ) B o ]
—0.50 28 Z ] EHTC+ 2022f
—0.75F 5 5 ]
— 100 0" 07 107 07 00 0!

Black-hole mass (M)
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Event Horizon Telescope(EHT)

Members of EHTC

@sabetta Liuzzo (INAIRA) Calibration and Error WG, EHT B@\
guest member

NicolaMarchili (INAFIRA):Time domain WG
KaziRygl(INAFIRA):Calibration and Error WG, Publication Commit

CiriacoGoddi(U. Cagliari, INABAC affiliated) Time Domain WG
coordinator

MariafeliciaDe Laurentis l%niNA INFN, INAIOACN affiliated)
Deputy Project Scientist, ravitational Theories

RoccoLico(IAA, INAHRA affiliated) ICT Officer and Secretary
Qacomo PrincipedniTS INAFIRA affiliated) Data analysis, /

PublicationCommitte

QEUSNYIf YSYOSNE

[I\/Iarcello Giroletti (INAFIRA) EHT multiwavelength Science WG ]

%@:Schede

IT EHTC fundings and
INAFschede

A EHT(RNS4 primary, RSN1 and RSN5
secondary)

Fundings:

A Past:Funding from ERBlackHoleCam
(finished in July 2021)

A Present:No funding; INAF Large Grant
Proppsal rejected, PRIN proposal results
awaited.

\KFuture: Keep applying for funding!/
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GR X-ray timing modelling
Relativistic precessionmodel (RPM)

Lense-Thirring precession Periastron precession Orbital motion

D

AB orbital cycle |ve)
AC vertical epicycle [vs]
BC nodal precession [ve-ve)

AB orbital cycle [ve]S
AC radial epicycle [vr]
BC periastron precession [v@-vr]

Low-frequency QPO Lower -firiegh Q R@per High-Freq. QPO
o . L (M2 1
Application of a relativistic Orbital motion v = Fo- (r_g) T MN\3/2
precession model (Stella 1+a (%)

of BH binaries

& Vietri 1998, Stella et al. _ _ B L (1 M 2 (M 2i wo (M 3/2\ /2
1099) to rapid X variability Periastron precession  wer = w1 (127 ~3a® () + 8 (T7)
Lense-Thirring precession vnea = vqs(

Motta et al. 2014a,b
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GR X-ray timing modelling
Latest result on XTE J1859+226

018
0.175}f
0.17}
0.165
0.16 |
£
&0.155 ¢

0.15 |,
0.145¢

0.14}

Power spectral density

0.135¢}

10° 10" 10?
Frequency (Hz)

Motta et al. 1999

Values obt a EEHNESITN- '

GRO J1655-40 0.29 + 0.01

XTE J1550-564 0.34 + 0.01

Direct Way to obtain MAXI J1820+070 | 0.799 + 0.016
mass and spin of black hole XTE J1859+226 | 0.149 + 0.005
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INTEGRAL
Searchfor GW counterpart: the GW170817 case

Gravitational and electromagnetic signals
from two coalescing NSs

Arrival sequence of signals:

A FERMI LEO

A Geo Centre

A LIGO Livingston »

A LIGO Hartford INTEGRAL
A INTEGRAL HEO
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| NTEGRAL
Seaf ol cOW Nt er pakli/f GWak e

INTEGRAL GW Team members:

A. Bazzano, E. Bozzo, S. Brandt, J. Chenevez, T. J.-L. Courvoisier, R. Diehl, A. Domingo, C. Ferrigno , L. Hanlon, E. Kuulkers, E.
Jourdain, A. von Kienlin, P. Laurent, F. Lebrun, A. Lutovinov, A. Martin-Catrrillo, S. Mereghetti , L. Natalucci , J. Rodi, J.-P. Roques, V.

Savchenko, R. Sunyaev, and P. Ubertini , Et alé .
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